CRISPR-Cas9 is the state-of-the-art technology for editing and manipulating nucleic acids. However, the occurrence of off-target mutations can limit its applicability. Here, allatom enhanced molecular dynamics (MD) simulations -using Gaussian accelerated MD (GaMD) -are used to decipher the mechanism of off-target binding at the molecular level.
Introduction
The CRISPR-(clustered regularly interspaced short palindromic repeats)-Cas9 is an adaptive immune system found in bacteria and archea conferring protection from foreign DNA.(1) By enabling deletion, insertion or correction of DNA at specific targeted sites within an organism's genome, CRISPR-Cas9 is used as a genome editing technology holding enormous promises for medical, pharmaceutical and (bio)technological applications, while also being of invaluable impact for fundamental research. (1, 2) The CRISPR-Cas9 technology is based on a single protein -the endonuclease Cas9 -programmed with single guide RNAs (sgRNA) to site-specifically target any desired DNA sequence. The presence of a short sequence (i.e., a Protospacer Adjacent Motif, PAM) in close proximity to the cleavage site enables recognition of the desired DNA sequence across the genome and allows programmable applications. Upon PAM recognition, the DNA binds Cas9 by base pairing the RNA guide with one strand (the target strand, TS) and forming an RNA:DNA hybrid, while the non-target DNA strand (NTS) is unwound and also accommodated within the protein complex. Structures of the CRISPR-Cas9 complex indicate a recognition lobe, which mediates the binding of the nucleic acids through three REC1-3 regions, flanked by a PAM interacting (PI) domain and two nuclease domains, HNH and RuvC, which cleave the TS and NTS, respectively (Fig. 1A) .
In spite of the remarkable advantages of CRISPR-based genome editing with respect to traditional therapies, safety and efficacy issues have to be fully addressed prior to clinical applications of CRISPR-Cas9. The most severe issues limiting the applicability of CRISPR-Cas9 in vivo are the off-target DNA cleavages, which produce mutations at sites in the genome other than the desired target site, causing unwanted phenotypes. (3, 4) showing the location of base pair mismatches (mm) associated with off-target effects, at PAM distal sites. Six model systems were considered for MD simulations, including the on-target DNA sequence (on-target) and DNA sequences containing base pair mismatches at PAM distal sites (i.e., mm@20, mm@19-20, mm@18-20, mm@17-20 and mm@16-17).
for understanding the molecular basis of the CRISPR-Cas9 function. (13) (14) (15) (16) (17) Among other studies, our group has successfully applied MD simulations to disclose a mechanism for the conformational activation of Cas9, clarifying the activation process by which the HNH domain is repositioned for cleavage in good agreement with structural and smFRET experiments. (18) Remarkably, MD simulations as well as experimental studies have indicated that the conformational changes underlying the CRISPR-Cas9 function occur over and beyond micro-to-millisecond time scales. (13, 19, 20) Such long time scales require the use of computational methods that enable enhanced sampling of the configurational space, such as accelerated MD (aMD) simulations. (21) The aMD method adds a boost potential to certain regions of the potential energy surface, effectively decreasing the energy barriers and thus accelerating transitions between low-energy states. In this way, aMD simulations can capture biological processes occurring over milliseconds (and in some cases beyond), allowing the study of complex conformational transitions in folded or unstructured systems. (22) Recent advances have led to the development of a robust aMD methodology -i.e., Gaussian accelerated MD (GaMD)(23) -that extends the use of aMD to larger and more complex biological systems. Besides enabling the description of the activation mechanism in CRISPR-Cas9, (18) GaMD has been used to determine ligand binding in G-protein coupled receptors(24) and, remarkably, the mechanism of a G-protein mimetic nanobody binding of a medically important GPCR with intracellular signaling proteins, simulated for the first time. (25) By using GaMD we determined the mechanism of binding of off-target sequences at the molecular level. GaMD simulations reveal how the presence of base pair mismatches at specific PAM distal sites of the RNA:DNA hybrid reduce the conformational mobility of the HNH domain and, in turn, its activation toward cleavage. We show that base pair mismatches at positions 17-16 promote newly formed interactions between the locally unwound TS and the L2 loop of the HNH domain, effectively decreasing its conformational mobility and preventing the HNH activation for cleavage. Being consistent with the available experimental data, the findings of this study outline a mechanism of off-target binding in CRISPR-Cas9, which poses the foundations for future structure based design of the system toward improved genome editing.
Results
In order to determine how off-target sequences affect the conformational activation of the HNH domain, we performed all-atom GaMD simulations of the Cas9 protein in the "conformational checkpoint" state of the HNH domain (i.e., 4UN3.pdb).(5) GaMD simulations have already been used to successfully describe the activation process of the HNH domain (18) and are therefore ideal to characterize the effects caused by base pair mismatches in the conformational dynamics of CRISPR-Cas9 and its HNH domain. For this purpose, six model systems were built: one containing the fully matched RNA:DNA hybrid (considered the reference on-target system) and five systems containing base pair mismatches at different positions of the RNA:DNA hybrid ( Fig. 1B) . Specifically, we introduced 1 to 4 mismatches (mm) at PAM distal sites (i.e., at positions 20 to 16), resulting in the following models: mm@20, mm@19-20, mm@18-20, mm@17-20 and mm@16-17. These systems are consistent with experimental models for which the DNA cleavage rates have been measured.(7) Accordingly, the mm@20, mm@19-20 and mm@18-20 off-target systems cleave their DNA substrates with rates similar to the on-target system and are thus considered "productive" for DNA cleavage. Contrariwise, the mm@17-20 and mm@16-17 systems, which cleave their DNA substrates at significant slower rates, are considered "unproductive" for DNA cleavage. For each model system, >1 µs of GaMD was performed, with simulation conditions well suited for protein/nucleic acids complexes (26) and acceleration parameters that allow for sufficiently broad exploration of the conformational space and consistent observation of the molecular consequences of off-target DNA binding.
DNA:RNA conformational dynamics in the presence of mismatches
During the dynamics, we observe an opening of the RNA:DNA hybrid at PAM distal In order to better estimate the extent and the precise location of the nucleic acid distortions promoted by mismatches, we performed an in-depth analysis of the minor groove width at the PAM distal region of the DNA:RNA hybrid. In detail, the minor groove width has been computed at six different levels (i-vi), perpendicularly to the global helical axis (full details are in the Methods section). As an effect of the instability promoted by base pair mismatches, we detect an increase of minor groove width at PAM distal ends of the RNA:DNA hybrid in the systems containing off-target DNA sequences ( Fig. S1 ). 
Effect of off-target binding on the catalytic domains
The observed opening of the RNA:DNA hybrid causes novel interactions with the protein framework. Here, we detail the interactions established by the RNA:DNA hybrid with the catalytic domains of Cas9, HNH and RuvC. Specifically, we measure the tight contacts (i.e., within 4 Å radius) established along the dynamics by the hybrid and the neighboring residues.(33) As a result, we detect a remarkable increase of interactions between the hybrid and the HNH domain in the "unproductive" systems (mm@17-20 and mm@16-17), which is particularly relevant with polar and charged residues ( Figs. 4 and S5) . Remarkably, the relevance of these newly formed contacts is confirmed by the statistical error non-overlapping with the "productive" systems. An increase of interactions for the "unproductive" systems is also observed with the RuvC domain. The interaction of the RNA:DNA hybrid with the HNH/RuvC domains in the mm@17-20 system is shown in Fig. 4 (right panel) . Importantly, the HNH domain connects RuvC through two flexible loops: L1 (residues 765−780) and L2 (residues 902−918), which are part of HNH and are important in the function of CRISPR-Cas9 ( Fig. 4A, right panel) . Indeed, L1/L2 intervene in the repositioning of HNH from the inactivated (i.e., "conformational checkpoint") to the activated state, by changing configuration. (18, 34) As well, L1/L2 exert an allosteric control on the activity of HNH and RuvC, enabling the information transfer for concerted cleavages of the two DNA strands. (15, 35) In order to understand the role of these two loops in the interaction with the hybrid, we specifically measured the interactions established by L1/L2 and the DNA:RNA hybrid. As a result, the interactions of L1 do not show relevant differences among the investigated systems ( Fig. S5B) . Moreover, L1 is a disordered loop that is highly flexible, resulting in overlapping error bars. Contrariwise, the interactions established by the RNA:DNA hybrid and L2 are remarkably increased in the "unproductive" systems ( Fig. 4 and S5B) . As noted above, the increase in interactions involving L2 in "unproductive" systems has non-overlapping error bars with the "productive" systems and is particularly relevant for polar and charged residues. 
Analysis of the interactions between the hybrid and the HNH domain excluding the
residues belonging to L2 confirms that the increase of interactions between HNH and the hybrid occurs at the level of L2 -practically vanishing when L2 is excluded from the analysis -and mainly involves polar and charged residues (Fig. S5B) . A more detailed inspection of the trajectories reveals specific interactions that are exclusively formed in the "unproductive" systems and could be key for explaining their reported slow DNA cleavage rates. (7) We detect the formation of a salt bridge between Arg904 of L2 and the TS backbone at position 17 (Fig. 5, shown for the mm@17-20 system). Remarkably, this interaction with the TS backbone is formed along the simulations of both "unproductive" systems (mm@17-20 and mm@16-17), whereas it does not form in the on-target Cas9 or in the "productive" off-target systems (Fig. S6) . In the mm@17-20 system, additional interactions are also established upon ~0.45 µs between the Asp911 and Ser908 residues of L2 and the base 18 of the TS, which is flipped out of the hybrid (Fig. 5) . Remarkably, the interaction with the TS backbone is conserved in the "unproductive" systems, as it is favored by the local unwinding of the DNA:RNA hybrid at position 17, which is in turn promoted exclusively by the "unproductive" mismatches (i.e., mm@17-20 and mm@16-17, Figs. 2 and 3) . Contrariwise, when the hybrid is well formed at this specific level (i.e., position17), as in the case of the "productive" mismatches and for the on-target DNA, the TS backbone is not free to approach and bind the L2 loop.
When formed, these interactions constitute a "lock" for the L2 loop, decreasing its conformational flexibility. This is confirmed by a lower root mean square deviation (RMSD) of the L2 loop in "unproductive" systems as compared to the on-target system (Fig. S7) .
Considering that the activation of the HNH domain requires a substantial conformational rearrangement of L2, (18, 34, 35) which moves away from the PAM distal region of the hybrid, the newly formed interactions observed in the "unproductive" systems can prevent
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HNH from undergoing its conformational activation. This mechanism is consistent with several experimental studies showing that the presence of base pair mismatches up to positions 17-16 trap HNH in a "conformational checkpoint" state, preventing it from reaching the active conformation. (7, 12, 36) On the contrary, the presence of up to 3 mismatches at positions 20-18 still allows HNH to correctly reposition for cleavage, although with slightly slower rates as compared to on-target DNA sequences. Remarkably, this experimental evidence is consistent with the outcomes of GaMD, showing that 3 mismatches at positions 20-18 are unable to "lock" the HNH domain (Fig. S6) . In light of these evidences, our simulations reveal the key interactions -formed between a locally unwound TS and the L2 loop -by which specific base pair mismatches at positions 17-16 prevent HNH activation for cleavage.
Effect of off-target binding on the hybrid recognition
The formation of the RNA:DNA hybrid has been shown to be a prerequisite for the on-target selectivity. (7) Single molecule and bulk experiments have shown that the REC lobe of CRISPR-Cas9 exerts a key role in the recognition. Specifically, the REC3 region, which directly contacts the very end of the hybrid, "senses" the formation of the DNA:RNA hybrid and allows for HNH nuclease activation. (7, 13) In order to understand the role of REC3 in the hybrid recognition and in the on-target selectivity, we monitored the interactions established by the RNA:DNA hybrid with REC3 in the simulated systems. In the "unproductive" systems, we observe a significant increase of interactions between the hybrid and REC3 (separated in polar, apolar and charged contributions, Fig. 6A ). In these systems, due to the extended opening of the RNA:DNA hybrid, the 692-700 α-helix inserts within the heteroduplex, causing novel steric and electrostatic interactions (Fig. 6B) . On the contrary, in the on-target Cas9, as well as in the "productive" systems including off-target sequences, the 692-700 α-helix does not insert within the hybrid (Fig. 6C) . The 692-700 α-helix includes a set of key residues (N692, M694, Q695 and H698), whose mutation to alanine confers increased selectivit against off target cleavages. (7) Indeed, the hyper accurate Cas9 (HypaCas9) variant, including the N692A, M694A, Q695A and H698A mutations, cleaves the on-target DNA with rates similar to the wt-Cas9, but the cleavage is reduced in the presence of mismatches. The specific interactions of these residues have been monitored during GaMD. As a result, in the on-target Cas9, N692 and Q695 stably bind the TS backbone thoughout the dynamics, while M694 and H698 establish additional interactions (Fig. S8) . Remarkably, the interactions established by N692 and Q695 with the TS are also observed in the "produtive" off-target systems, but are lost in the "unproductive" systems ( Fig. S9 ). These data indicate that the 692-700 α-helix is a key element for the recognition of the complementarity of the RNA:DNA hybrid and the selection between "productive" and "unproductive" systems. Indeed, in the "unproductive" systems, the insertion of the α-helix 692-700 within the heteroduplex contribues to the observed opening of the RNA:DNA hybrid and, in turn, to the establishment of interactions between the TS and the L2 loop (Fig. 5 ). This establishes a mechanism of selectivity where, in the "productive" systems REC3 "senses" a well-formed hybrid through the 692-700 α-helix. Indeed, in the on-target Cas9 and in the presence of 1 to 3 mismatches at PAM distal ends, the N692 and Q695 stably bind the TS backbone, contributing also to the stabilization of the hybrid itself. Contrarywise, in the presence of an extended opening of the RNA:DNA hybrid, as including base pair mismatches at positions 17-to-16, the 692-700 α-helix moves apart losing its interaction with the TS backbone ( Fig. S9) and results in the insertion within the hybrid.
Overall, these observations provide a rationale for the role of REC3 in the on-target selectivity, revealing how by "sensing" the RNA:DNA hybrid, REC3 discriminates "productive" from "unproductive" sequences for cleavage. Finally, in light of these observations, it is likely that the mutation of the N692, M694, Q695 and H698 residues to alanine, as in HypaCas9, (7) would reduce the electrostatic interactions with the hybrid, altering the mechanism depicted above. Although likely, this speculation will require extensive GaMD simulations of HypaCas9, which could ultimately capture the mechanism of altered specificity.
Discussion

Molecular basis of off-target binding
Off-target effects represent a severe issue hindering a full exploitation of the CRISPR-Cas9 technology in in vivo applications. (3, 4, (6) (7) (8) Here, by using accelerated MD simulations we capture the mechanism of binding of off-target sequences at the molecular level. A Gaussian accelerated MD methodology(23) -enabling to capture long time scale conformational changes that are not accessible via conventional MD simulations -has been applied to characterize the binding of off-target DNA sequences, compared to a fully matching on-target DNA.
GaMD reveals that while the on-target DNA remains fully matched to its complementary RNA, the presence of base pair mismatches induces an opening of the RNA:DNA hybrid (Fig. 2) . We observe that 1 to 3 mismatches up to position 18 perturb the As an effect of the extended opening observed in the presence of base pair mismatches at positions 17 and 16, the DNA TS engages in conserved interactions with the L2 loop of the HNH domain (Fig. 5 ). In particular, Arg904 of the L2 loop stably binds the TS backbone at position 17 in both the "unproductive systems" studied herein, while additional interactions with the TS bases also involve Asp911 and Ser908. These interactions constitute a "lock" for
